Existing culture-based instruments for detecting/quantifying proliferating bacteria in suspensions (BACTEC TM , BacT/Alert TM , RABIT TM etc.) do so based on changes observed in the physical/chemical properties of media (O 2 /CO 2 levels, pH etc.) due to bacterial metabolism. Given the limited metabolic-rate of individual bacterium, they have a "threshold-concentration" of ~10 7 -10 8 CFU/ml, and Times to Detection (TTDs) of 12 hours or longer for low initial loads (<100CFU/ml). We recently developed a method that tracks microbial proliferation in suspensions by monitoring the degree of cell polarization of live microorganisms. In the presence of an AC electric field, there occurs a build-up of charge at the microbial membrane, causing them to act like capacitors. As microorganisms multiply, there occurs a corresponding increase in charges stored in the suspension ("bulk-capacitance"), and this increase in bulk-capacitance serves as our "signature" for presence of live microorganisms. In this study, we explain the theory underlying our approach, establish its applicability to a variety of microorganisms, showing that the "Threshold-Concentration" (n T ) for detection is ~10 3 -10 4 CFU/ml, and TTDs are a function of the initial-load(n 0 ) and doubling-time(t D ) of the microorganism TTD=1.443*t D *ln(n T /n 0 ) and show that the method can be adapted to obtain the "Most Probable Number" (MPN) of coliforms within 6hrs (vs. >24hrs for existing methods).
Despite recent advances in detection technologies that make it possible to detect, identify and/or quantify pathogens present in clinical, food, environmental and other samples (such as PNA-FISH®, GeneXpert®, BioMark™, Biacore TM , SensiQ TM , etc) there remains a class of "real world" situations where these technologies do not work. In these situations, one seeks to determine whether there are any viable and proliferating micro-organisms present in a sample with the understanding that, even if present, their concentrations will be very low (100 Colony Forming Units (CFU)/ml or lower), and that it is very likely that the sample will also contain a larger number of dead micro-organisms.
In some cases, such as in assaying process water used for manufacturing pharmaceuticals 1 , one needs to conduct tests to verify that, after the sterilization processes adopted, there are absolutely no live microorganisms remaining in the entire batch. The goal of such tests is to detect any surviving micro-organism(s), if present.
In other cases, the number of live microorganisms remaining must also be quantified. For instance, the US Department of Agriculture (USDA) requires that ground beef contain <1 CFU of viable E coli per 25g of beef. Even after sample processing to kill bacteria, one still needs to provide proof that the levels of viable bacteria are at or below the approved limits. Using current technologies, it is often the case that by the time the counts of viable bacteria become available (2+ days), the product has often already been shipped. If the counts exceeded the approved limits, the product must be recalled. Every year (since 1997), an average of about 4,500 Metric Tons of meat and poultry are recalled by US industries 2 . Another instance in which rapid quantification is desired is in the handling and distribution of milk. The US Pasteurized Milk Ordinance 3 requires "Grade A" pasteurized milk to have a total viable bacterial count of d" 20,000 CFU/ml and a (viable) coliform count of d" 10 CFU/ml. The USDA Economic Research Service estimates that about 19 million lbs of milk are spoilt each year 4 . Although, it is theoretically possible to prevent spoilage by re-sterilizing / re-pasteurizing the milk after the bacterial spores that survived sterilization have germinated into vegetative bacteria, by the time current on-line sensors like "electronic noses" (gas sensors / chromatographs), FTIR sensors etc are able to detect a change in the composition of the milk brought about by bacterial metabolism, it is often too far spoilt to be useful (humans will feel changes in taste etc.) and must be discarded, or diverted to other use 4 . Also, the Environmental Protection Agency (EPA) specifies that concentration of viable coliform bacteria should not exceed 500 CFU / 100ml for primary contact recreational waters (lakes and beaches) and 800 CFU / 100ml for secondary contact recreational waters (streams) 5 . Existing technologies for measuring the levels of coliform bacteria have a turnaround time of greater than 1 day (usually 2-3 days).
Thus, a particular beach or resort will not be immediately aware of increased risks to users. On the other hand, after the risk has been identified (and actions such as chlorination undertaken), it takes a similarly long time to ascertain that the bacterial counts are back to acceptable levels. The former leads to spread of disease among users, and the latter leads to economic losses. In 2008, the number of closing and advisory days at ocean, bay and Great Lakes beaches topped 20,000 for the 4th consecutive year 6 . The EPA has, consequently, also announced that it will prioritize the approval of technologies that can quantify the loads of proliferating coliforms in recreational waters in < 1 day.
In these, and related situations, the technologies used continue to be "culture"-based. Here, to detect the presence of proliferating microorganisms, samples are added to a known volume of sterile microbial growth media. If present, proliferating microorganisms metabolize, consuming glucose and oxygen, and releasing lactic/pyruvic acid, CO 2 etc. The metabolic activity thus leads to changes in the properties of the surrounding medium such as a decrease in pH, an increase in conductivity, or a change in levels of O 2 or CO 2 . If such changes are detected, they can be taken to indicate the presence of proliferating microorganisms in the sample added to the growth media. This approach forms the basis of a large number of commercial products such as the BACTEC TM and BacT/Alert TM that detect changes in CO 2 levels 7-8 , the Difco-ESP System TM that monitors pressure changes due to gas consumption or production 9 , and the Bactometer TM and RABIT TM that monitor the conductivity of the growth medium [10] [11] . These instruments work very well for wide variety of applications because the presence of dead microorganisms does not affect the results, and that the theoretical Limit of Detection (LOD) is 1 CFU. They are also conducive to automation, keeping the costs low, and thus leading to their popularity.
These instruments, however, suffer from one major drawback: the time taken to detect the presence of living microorganisms is considerable (hours to days) 12 , especially when initial loads present are low (< ~100 CFU/ml). This is because the detection can be done only when the cumulative effect of microbial metabolism (and proliferation) changes the quantity that they monitor (O 2 /CO 2 levels, pH, conductivity etc.) by a measureable degree. But the rate of metabolism of individual cells is inherently limited. For instance, even a relatively fast growing/metabolizing bacterium like E coli consumes only 2 x 10 -14 moles of O 2 per hour 13 , whereas a typical well-oxygenated suspension has a dissolved O 2 concentration 14 of ~ 10 -6 moles/ml. Hence, with the current systems, one has to wait for the concentration of living microorganisms to reach a "threshold" of ~10 6 to 10 8 CFU/ml before their metabolism can change the medium properties (O 2 /CO 2 concentration, pH, conductivity etc) to a measurable degree 15 . The time that elapses before a change in the medium properties is measured (and the presence of live microorganisms in the original culture inferred), is referred to as the Time to Detection (TTD). The TTD typically depends on the initial load of proliferating microorganisms in the sample and the metabolic rate of these microorganisms. In general, TTDs are longer for samples with lower initial loads and for microbes with slower metabolic rates (longer doubling times). The extremely limited amount of metabolites generated/ consumed also limits how much TTDs can be reduced by improving the performance of sensors to detect changes in pH, O 2 /CO 2 levels etc. One approach to reducing TTDs that has had some success is the pre-concentration of cells/particles prior to culture, using methods such as filtration 16 , centrifugation 16 , immunomagnetic separation 17 or dielectrophoresis (DEP) 18 . But not only do these processes themselves take time and require additional resources, their efficiency of capture is often not 100%, leading to potential false negatives and/or errors in establishing the count. Moreover, since after pre-concentration, the samples are assayed using the same "slow" culture based methods, the benefits of using pre-concentration is also rather limited.
Hence, there is clearly a need for a technology that can reliably detect small numbers of proliferating bacteria in suspensions containing large numbers of dead bacteria (and also other non-living species) in as short a time as possible, and in some cases, accurately quantify the numbers present. It would perhaps also be preferred (given the inherent limitations discussed above) that this method did not rely on detecting the effects of microbial metabolism. In this work, we describe in detail a method that meets both these criteria.
Briefly, our method relies on the microbial polarizability in the presence of high frequency AC electric field there occurs a buildup of charge at the cell-membrane of proliferating cells, causing these cells to behave like electrical capacitors. The proliferation of any viable microorganism present (an increase in the number of live microbial cells) increases the "bulk capacitance" of the sample under investigation, and this increase in bulk capacitance serves as our "signature" indicating the presence of live microorganisms. Confining the sample to a long narrow channel increases the resistance of the solution, and this amplifies the influence of microbial charge storage on the measured impedance (by increasing the effective RC-time constnat). A variant of impedance spectroscopy is used to estimate the charge storage with high sensitivity, and are able to detect microbial proliferation. In our previous work, we reported using this approach to detect E coli in substrates such as food matrices (milk and apple juice) 19 and Blood Culture broths 20 . In both cases, our "threshold concentrations" (at which we were able to infer the presence of living microorganisms) was ~ 10 3 -10 4 CFU/ml (compared to 10 6 -10 8 for current systems), and hence our TTDs were 4-10 times smaller than those obtained using current systems.
In this work, our aim is to (a) explain the theory underlying our approach (b) establish that this method is applicable to a variety of proliferating microorganisms (aerobic bacteria, anaerobic bacteria, yeasts, and molds), and that the threshold concentrations are similar for different microorganisms (c) investigate how the Time to Detection (TTD) varies as a function of the initial load (n 0 ) and doubling time (t D ) of the microorganism; and (d) show that the method can also be adapted to obtain the "Most Probable Number" (MPN) of proliferating bacteria of interest.
Theory and calculations Basic principle
It has previously been known 21 that, in the presence of high frequency AC electric fields (fields that rapidly change polarity), there occurs a buildup of charge at the cell-membrane of viable cells because these charge carriers (ions) are unable to penetrate through the membrane. Thus, these cells behave like electrical capacitors. Notably, this effect (membrane polarization in an AC field) is lost when the membranes lose their integrity and/or become permeable to charge, such as on cell death [22] [23] . Thus living cells contribute to the "Bulk Capacitance" of a suspension (a measure of the charge that is stored in its interior).
In theory, any increase in number of viable cells (due to proliferation) should result in an increase in the Bulk Capacitance of a suspension. But the Bulk Capacitance is not readily measureable. The cause of the difficulty can be appreciated by studying the electrical representation of an aqueous suspension, as shown in Figure 1 (a) [24] [25] . Different components in the circuit shown in Figure 1 (a) arise due to the different effects of the applied electric field on the solution/suspension. The flow of ions through the solution (and the viscous resistance to the same) is accounted for by the bulk resistance (R b ); the interfacial resistance (R e ) and inductance (L e ) are those of the electrodes themselves and that of the wires connecting them to the impedance analyzer; the electrochemical "double layers" formed on the surfaces of charged metal electrodes are accounted for by the Interfacial Capacitance (C e ); and the charges stored in the interior of the suspension are accounted for by the Bulk Capacitance (C b ). The interfacial capacitance is typically ~ 10 -8 -10
Farads, whereas bulk capacitances are typically ~ 10 -12 Farads 26 . Thus, the interfacial capacitances usually "screen" the bulk capacitance, making it difficult to observe small changes in the latter.
In our previous work 13 , we proposed a method to detect changes in the bulk capacitance, despite the "screening effect" of the charges at the electrode-solution interface. By placing the suspension in a long narrow microfluidic channel (as in Figure 1 (a) -inset), we increase the effective bulk resistance of the suspension. This increases the impedance of the bulk to become comparable to that of the interface at easily realized frequencies (1 kHz to 100MHz). This allows an appreciable voltage drop over the bulksuspension, and consequently the charge-storage in the microorganisms contributes significantly to the measured impedance. We further showed 19 that by measuring the electrical Impedance (Z) at a number of frequencies (ù), we could calculate the bulk capacitance of the suspension containing microorganisms. Repeating this calculation at intervals of time (say, every hour), we were able to observe increase in the bulk capacitance values with corresponding increase in microbial numbers (due to proliferation). If a significant increase in the value of the bulk capacitance is recorded over time, it is taken to imply the presence of proliferating microorganisms in a suspension 19 . The instrument that we use gives frequencies ranging from 1kHz to 100MHz, the magnitude and phase of the AC current that flows through the suspension upon the application of a sinusoidal AC voltage of 500mV (peak-to-peak), and calculates the Impedance (the AC analog of the DC resistance) based on the known applied voltage and the measured current. Since the current is not in-phase with the applied sinusoidal voltage (rises and falls with a time difference), the Impedance can be thought of as having both an inphase component called the resistance (R), and an out-of-phase component called the reactance (X). Mathematically, one can represent the impedance as a complex number, such that
where j = √ -1
Alternatively, the impedance can also be represented completely by its magnitude (|Z|) and its phase angle (q). The magnitude and phase angle, respectively, of the impedance, are related to the resistance and reactance by the equations.
The impedance analyzer measures impedance by measuring the resistance and reactance for each sample, over the frequency range of 1kHz to 100MHz and hence generates the data set containing the values of R and X at multiple ( > 200) frequencies (w). Data obtained from the Impedance Analyzer is fit to the equivalent circuit shown in figure 2(a), (displayed using the software ZView TM ). This circuit differs from that shown in Figure 1 in the following respects: (a) the inductance of the lead-wires is also included, (b) the two electrodes are lumped together electrically, and (c) both the interfacial and the bulk capacitances have been replaced by Constant Phase Elements (CPEs).
A CPE is a non-intuitive circuit element that replaces a capacitor in a circuit when the there is some type of non-homogeneity in the system, delaying or impeding the movement of charge carriers [27] . Mathematically, a CPE is an element whose impedance is given by the equation
where Q is the magnitude and n is the phase angle of the CPE. It may be noted that when n equals 1, the impedance of the element is identical to that of an ideal capacitor with the same magnitude. Because ions need time to migrate from the bulk solution to form the "double layers", electrode-solution interfaces are often modeled using CPEs 28 . Assuming that capacitances in the interior also require a finite time to be formed, we have chosen to replace the bulk capacitance with a CPE as well.
The software is written for use in Electrical / Electrochemical Impedance Spectroscopy. It accepts as input, the measured values of Resistance (R) and Reactance (X) at multiple frequencies, allows the user to propose an equivalent circuit for the material being investigated, and provides an estimate of the values of the individual elements in the equivalent circuit (L e , R e , C e , R b , CPE-T, and CPE-P in our case), along with an "error" of the estimate. If we are able to unequivocally establish that, after a certain duration of incubation, the value of the magnitude of the CPE (the CPE-T parameter) has increased (implying that the number of charge-storing species in the suspension's interior has increased), it can be attributed to microbial proliferation (and hence presence of viable microorganisms) in the original sample.
By providing estimates of each individual parameter, the software allows the user to distinguish changes to the overall impedance occurring due to an increase in the Bulk Capacitance of the suspension on account of microbial proliferation (our phenomenon of interest) from changes in other factors (if any). For instance, small changes in temperature changes would be expected to change the conductivity of the solution significantly 29 , which would result in a change in the bulk resistance (R b ) while leaving the Bulk Capacitance (C b ), which arises from cell-membrane polarization, largely unaffected 30 . Also with time, the surface of the electrode may undergo corrosion as a result of which the properties of the electrode/ electrochemical interface (L e , R e and C e ) may change 31 . The interfacial capacitance (C e ) may also change due to change in pH and temperature since the ions in the interfacial "double layer" are in electrochemical equilibrium with the bulk 32 . However, our analysis of the Z vs. ù data allows us to calculate changes to all parameters, individually. By focusing exclusively on the change in the Bulk Capacitance, we are able to proceed effectively, despite the occurrence of these other phenomena.
Times to detection (TTDs)
The ZView TM software generates not only an estimate of the parameters (such as the Bulk Capacitance, CPE-T value), but also an "error".
For two recorded values to be "significantly" different from each other, there should not be any overlap between the ranges ([value -error] to [value + error]) of the two readings. As we calculate the value of the Bulk Capacitance after various intervals of time, we examine whether or not the present value is "significantly" greater than the initial (0-hour) value. A "significant" increase in the Bulk Capacitance value would indicate an increase in the number of species capable of storing charge that are dispersed in the medium. Since other such species (such as proteins and blood cells in the case of Blood Culture, milk proteins and fruit pulp in food substrates, silica particles in environmental samples, etc.) are not expected to increase in number, such an increase can only be brought about by microbial proliferation, as is hence taken as a signature of the presence of proliferating microorganisms in the sample. The time taken to obtain such a "significant" increase in the value of the Bulk Capacitance is our Time to Detection (TTD). The TTD is a function of the initial load, doubling time and the "threshold concentration", and is given by the relation TTD = 1.443 t D ln (n T /n 0 )
… (5) where t D is the Doubling time of the microorganisms n 0 is the Initial Concentration, and n T is the Threshold Concentration Threshold concentration is defined to be the concentration of viable and proliferating microorganisms in the sample at the point in time that our method can unequivocally discern a change in the bulk capacitance from its baseline (t=0) value. It thus also depends on the magnitude of the baseline value (and hence the composition) of the suspension being assayed. A suspension with a higher baseline bulk capacitance will tend to have a higher threshold concentration. Consider two samples with baseline bulk capacitances of 2 and 10 pF, respectively. Assuming that our instrument/ data analysis software can discern a 5% change in either, the proliferating microorganisms would have to contribute a capacitance of 0.1pF in the first case, and 0.5pF in the second to bring about these discernible changes. The latter sample would thus need to have more microorganisms generated in order for us detect the original proliferating members, and consequently, it will have a higher threshold concentration.
Quantifying the number of bacteria present [Most Probable Number (MPN)]
Although the value of the Bulk Capacitance (C b ) increases with an increase in the number of living bacterial cells present in a suspension, it is not possible to infer a bacterial count from reading the value of the C b alone. This is because numerous other non-living species, such as proteins 25 and inorganic nanoparticles 13 (if present) will also contribute to the value of the C b . The contributions from these non-living species will vary from one sample to another, but will not rise over time for a given sample. As a consequence, in order to quantify the number of living bacteria present, we have to rely on using the Most Probable Number (MPN) [33] [34] approach. The MPN is a statistical method used to estimate the concentration of proliferating bacteria in a sample of interest that is widely used to monitor food and water quality. Briefly, and as depicted schematically in Figure 3 , it involves serially diluting (by successive factors of 10) a known volume of the sample into bacterial growth media, culturing the "dilution series" bottles obtained for a sufficiently long period of time, and identifying the bottles that are "positive" (where growth of bacteria has occurred). If the sample originally had (say) 500 CFU/g, and we dissolved 1 g in 1ml of nutrient media to obtain our first solution (with 500 CFU/ml), the subsequent factor-of-ten dilutions should (under ideal conditions) contain 50, and 5 bacteria. A further factor-of-ten dilution will result in a solution with 1 CFU half the time, and 0 CFU on the other occasions (Probability of ½ that the sample contains one CFU). The probability that the next tenfold dilution will contain 1 CFU is 0.05 (5%). Further dilutions will have even lower probabilities of containing 1 CFU. If a given dilution series bottle contains even 1 CFU to begin with, it will ultimately (if cultured for a "sufficiently" long period of time) turn "positive" (display signs of bacterial presence like turbidity). By repeating the dilution experiments a number of times (typically 3 or 5), it is possible to obtain from the number of samples turning positive at The key to obtaining correct MPNs is to run the culture for a sufficiently long time so that even 1CFU in the whole suspension (typically 10ml) is detected. Using current systems (that typically use turbidity measurements to detect the proliferation of bacteria), bacterial concentrations have to rise to ~ 10 7 CFU/ml (or higher) 35 before they can be identified as positive. Our method, as mentioned earlier, identifies samples as "positive" when the calculated value of the Bulk Capacitance increases "significantly" from the baseline (t=0) value of the sample. Because this "significant" change occurs for filtered growth media when the concentration of bacteria reaches a threshold of ~10 3 CFU/ml, our method 19 can potentially identify positive samples much earlier. Also samples that do not turn positive before a certain "cutoff time" are typically deemed negative. Since with our method, even one CFU (if present) would be detected much earlier, we can potentially use a cutoff time much shorter than the 24 hrs typically used currently [36] . We should hence be able to cut down the time needed to determine the MPN.
METHODS

Microbial cultures
Pseudomonas aeruginosa (ATCC 9027) (fast growing aerobic bacteria), Methylobacterium mesophilicum (ATCC 29983) (slow growing aerobic bacteria), Propionibacterium acnes (isolate) (Anaerobic bacteria), Dekkera anomala (ATCC 10559) (Yeast), Aspergillus brasiliensis (ATCC 16404) (Mold) are used in the experiments. A brasiliensis spores were obtained from Microbiologics Inc. in the form of pellets known to contain ~10 3 spores/pellet, and used directly.
The other organisms were originally obtained in lyophilized form from ATCC, and log-cultures preserved in glycerol solution within cryotubes prior to use for the experiments described.
Sample preparation
The microorganisms in the cryotubes are taken from the freezer (-20 o C) and thawed to reach room temperature. Immediately on thawing, 100µl of the solution in the cryotube is diluted into 900µl of 0.1% peptone water. These samples are then serially diluted in 0.1% peptone water (by appropriate factors, depending on the concentrations of the specific organisms present in the cryotubes) to yield solutions containing ~10 6 CFU/ml of the microorganism. 1ml of this 0.1% peptone water suspension containing ~10 6 CFU/ml of the microorganism is added to 9 ml of appropriate media (as listed in Table 1 ) to yield Plot showing how the magnitude of the CPE of the bulk solution (Diamonds) and the concentration of microorganisms (Squares) evolve over time during culture in a sample with an initial load of ~10 CFU/ml of M mesophilicum. While microbial concentrations increase monotonically, magnitudes of CPE measured at 6, 12, and 18 hrs do not differ significantly from the 0-hr value (error bars overlap). A significant increase recorded only at 24 hrs, making this the Time to Detection (TTD) (solid arrow). The microbial concentration in the culture broth at TTD, the "threshold concentration", for this sample is ~1000 CFU/ml, as shown by the dashed line 5 CFU/ml. These cultures are incubated at desired temperature for different amounts of time to obtain "log cultures" with ~ 10 8 CFU/ml of microorganisms. In Table 1 , we list the estimated CFU/ml of microorganisms in the cryotubes, the liquid media in which they are subsequently cultured, the temperature of culture, and the time for which they were cultured to obtain log cultures. These log cultures are then serially diluted in 0.1% peptone water and appropriate volume of the samples containing microorganisms are added to respective sterile media (listed in Table  1 ) to yield the "incubation study" media, which are then cultured at conditions mentioned in Table 1 .
For A brasiliensis, the pellet (containing 10 3 CFU) is re-suspended in 0.1% peptone water to give 10 3 spores/ml of microbial concentration. 1 ml of this sample was added to 9 ml of Sabouraud Dextrose Broth (SAB), to give an estimated initial load of ~ 100 CFU/ml which was later confirmed by the plate counts on Sabouraud Dextrose Agar (SDA). This is directly used for impedance measurements without creating a log culture growth as for microorganism in cryotubes. Periodically, (every 1 to 6 hrs, depending on expected doubling time of the microorganisms) aliquots from these different media are drawn and assayed electrically using our impedance measurements. Parallel aliquots are plated on appropriate nutrient agar, and colony counts obtained after incubation for suitable length of time.
MPN experiments
As in the manner described in section 3.2, log-cultures of E coli (K12) in TSB, with bacterial concentrations ~10 9 CFU/ml, are obtained. 1ml of this sample taken in an Eppendorf tube, centrifuged for 8 mins at 6000 rpm and the pellet (bacteria) is re-suspended in 1ml of sterile fresh PBS. This is serially diluted in 1ml of PBS to obtain 1ml of buffer with ~10 3 CFU/ml of E coli. This serves as our "original sample", analogous to the "real world" scenario of a sample of water collected from a source of interest (typically ~10L) and concentrated 1000-fold (to ~10ml) 37 . This 1ml of "original sample" is then added to 9ml of sterile TSB (in a sterile 15ml Fig. 7 . Plots showing changes in the value of the measured Bulk Capacitance over time for samples containing different dilutions (e-1, e-2, e-3, e-4 and e-5) of the original sample (containing ~1000 CFU/ml) with the arrows indicating the TTD for the given dilution centrifuge tube) to obtain 10 2 CFU/ml of E. coli and then serially diluted to obtain 10 CFU/ml, 1 CFU/ml 0.1 CFU/ml, and <0.1CFU/ml. This serial dilution step is repeated to make 3 sets of these same dilutions. This is then incubated at 37 o C in an incubator shaker (Mini 4450 Shaker, Thermo Scientific TM ) and every 2 hours, ~250µl of sample is taken, injected in microfluidic cassette (treated in a manner similar to that described in section 3.2) and the sample is assayed electrically using our method (described in detail in section 3.4). The measurements are run for a total of 12 hours. The traditional MPN protocol 38 is also implemented on the same samples. The samples, from which aliquots are drawn for electrical assay by our method, are incubated for an additional 12 hours (after we have ceased taking our electrical readings) for observation of visible bacterial growth (change of turbidity), as is typically done in MPN experiments. The results obtained by the two methods are then compared.
Multi-frequency Impedance Measurement and Data Analysis
Our method involves drawing a 250µl aliquot at regular time intervals from our suspension of interest, and introducing the aliquot into a microfluidic cassette with electrodes at specified locations. The Electrical Impedance (Z) between the electrodes is measured at multiple frequencies (ù), and the Z vs. ù data is analyzed offline to determine the bulk capacitance (C b ) of the suspension. The Impedance (Z) measurements are made using an Agilent 4294A Impedance Analyzer (Agilent technologies, CA, USA) at multiple frequencies (ù) from 1 kHz to 100 MHz. To obtain the Impedance at a given frequency, the Impedance Analyzer generates a 500mV (peak to peak) voltage at that frequency, and records the magnitude and phase of the AC current through the sample as a result of the application of the same. It also takes as inputs the frequency range to be scanned (1 kHz to 100 MHz in our case) and the number of points desired (500, the maximum possible, in our case) and selects logarithmically equi-spaced frequencies. It records the measured values of R and X corresponding to each frequency (ù) in an ASCII file. The data in this file are analyzed offline using software ZView TM . Data obtained from the Impedance Analyzer is fit to the equivalent circuit shown in Figure 2 , (displayed using the software ZView TM ). The software is written for use in Electrical/ Electrochemical Impedance Spectroscopy. It accepts as input measured values of Resistance (R) and Reactance (X) at multiple frequencies (or, equivalently, the magnitude of the Impedance (Z) and the phase angle (q)), allows the user to propose an equivalent circuit for the material being investigated, and provides an estimate of the values of the individual elements in the equivalent circuit (L e , R e , C e , R b , CPE-T, and CPE-P in our case), along with an "error" of the estimate. By providing estimates of each individual parameter, the software allows the user to distinguish changes to the overall impedance occurring due to an increase in the bulk capacitance, from other factors, such as changes to the bulk resistance (For instance, temperature swings can change to the electrical conductivity of the solution, which in turn changes the bulk resistance).
The number of viable microorganisms in a suspension affects the value of the Bulk Capacitance (C b ). If the number of microorganisms increase (due to proliferation) then the value of C b increases. For any study where the objective is merely to ascertain whether or not there are any proliferating microorganisms in a sample of interest, a "significant" increase in the value of C b from its value at t=0 implies that there is an increase in the numbers of those physical elements that contribute to the bulk capacitance.
Hence a significant increase in C b , if observed, serves to confirm the presence of viable (capable of proliferation) microorganisms in the original sample and when such an increase is observed, the sample is deemed Positive by our method. However, it may be noted that if there happen to be bacteria present that are alive and metabolizing, but not reproducing (such as "Viable but Not Culturable" cells) the method will not be able to detect them.
The use of this criterion is illustrated in Figure 4 . As seen, initially (at t =0), the magnitude of the CPE (diamond) is 1.96 + 0.024 Pico-Farads. The range of values is represented by the error bars. The value of Bulk Capacitance after 6 hours of incubation (obtained based on Impedance measurements taken at that time) is 1.99 + 0.024 Pico-Farads. As seen, the range overlaps with that of the 0-hour value (shaded region). Thus while we know in retrospect (from the colony counts of aliquots drawn at the time the impedance measurements are taken) that the number of bacteria increased (from ~10 to ~20 CFU/ml of suspension), the increase did not cause a "significant" change in the value of the Bulk Capacitance. Similarly, for 12, and 18 hour reading, the bulk capacitance value does not change significantly compared to 0 hour. However, the magnitude of the CPE at the 24 hour mark (2.07 + 0.024 Pico-Farads) is "significantly" different from the 0-hour value (2.07 -0.024 = 2.046 > 1.984 = 1.96+ 0.024). Thus 24 hours is our Time to Detection (TTD) for this sample (indicated by the solid arrow). The threshold concentration can be estimated from the plate count obtained from the sample plated at TTP. In the case shown in Figure 4 , it is (as indicated by the dotted arrow) ~1000 CFU/ml.
For determining MPN, the same principle is applied individually to all (diluted) samples to determine if there are any proliferating bacteria present, or not. Since our threshold concentrations are lower than that of current methods, we can detect the presence of bacteria much earlier, and also deem a sample to be negative in a correspondingly shorter time (8 hrs, for the experiments conducted). The number of positives and negatives at each dilution, are recorded, and using statistical tables available in literature 39 , the MPNs estimated.
RESULTS AND DISCUSSION
Rapid detection of proliferating microorganisms
In figure 5 , we graphically present data from experiments conducted for all the microorganisms mentioned, with two different initial loads shown for each. Each graph shows the bulk capacitance values (diamonds) obtained by analyzing the electrical scans conducted at different points in time using the method described in section 3.4. The error-bars represent the standard error of the estimate, and are also provided by the impedance-analysis software (ZView TM ) used. Actual concentrations of the microorganisms in the culture broth at these times (found using plate culture, as described in section 3.2) are represented by squares. The times to detection for each sample (obtained using the criteria described in Section 3.4) are highlighted using solid arrow, and the threshold concentration (also obtained as described in Section 3.4) is highlighted using the dashed arrow. Table 2 gives the TTDs and the threshold concentrations for the different initial loads of the microorganisms tested.
For the samples tested, the threshold concentration is of the order of 10 3 CFU/ml, irrespective of the identity of the organism. This threshold concentration is significantly lower than the threshold concentrations of current detection systems (10 7 -10 8 CFU/ml) 15 . Also, as the concentration of viable cells rises by approximately 4 orders of magnitude (from ~10 to ~100,000 CFU/ ml) the value of the Bulk Capacitance increases by approximately 40% (as can be seen in Figure  4 ). This is also a significant improvement over the performance metrics of existing technologies that perform the same function (determine the presence of actively proliferating microorganisms in suspensions). For instance, the BacT/Alert (a "gold standard" in Blood Culture i.e. for the detection of actively growing microbes in the blood) infers the presence of proliferating bacteria via a change in the level of CO 2 in solution brought about by bacterial metabolism. The CO 2 levels are measured via proprietary colorimetric molecules in the growth media. As described by Thorpe et al [8] , a rise in the concentration of E coli from ~ 100 CFU/ml to ~ 10 7 CFU/ml (a rise in over 5 orders of magnitude) results in a change of ~15% in the "Reflectance Units" of the medium.
Our higher sensitivity, and more importantly, our lower threshold of detection, translates to faster times to detection, which in turn has important consequences in enabling clinicians/quality control scientists to make timely and effective decisions. Dependence of TTD on initial load (n 0 ) and doubling time (t D ) of the micro-organism
In Table 2 , it can be observed that Times to Detection (TTDs) are longer for lower initial loads for any given microorganism. Similarly, when comparing samples with similar initial loads (n 0 ), microorganisms with a shorter doubling time (t D ) such as Pseudomonas aeruginosa (for which t D = 1 hr 40 ) have a shorter TTD compared to microorganisms with a longer doubling time, such as Methylobacterium mesophilicum (for which t D = 8 hrs 41 ). This is because, the microorganisms can be detected (caught in the act of increasing their numbers through reproduction) only when they have reached a certain threshold concentration. When we start with a low initial load, it takes longer to reach the threshold concentration and hence the samples have a longer TTD. Similarly, for similar initial loads, microorganisms with longer doubling-times need a longer amount of time to reach the threshold concentration. Hence there is a strong correlation between the doubling-times, initial loads of the microorganism and the TTDs.
If the surmise above is true, then mathematically, the Time to Detection (TTD) should be related to the initial load (n 0 ) and doubling time (t D ) of the microorganism by the equation
In our experiments, the initial load in the sample and the threshold concentration can be estimated from the plate counts obtained at time t=0, and time t=TTD (as determined by analyzing the electrical data), respectively. By plotting the experimentally obtained values of TTD and n T for different samples (different n 0 values) of the same organism, we should be able to estimate its doubling time (t D ). If the estimated t D is found to be "reasonable", this would indicate that our system behaves in the manner that is consistent with our understanding.
The above equation may be re-written as TTD = 3.32 t D log 10 (n T ) -3.32 t D log 10 (n 0 )
... (7) Thus, if we plot TTD (y) of each sample against the log 10 of initial loads (x), a regression analysis provides us with not just the values of the slope and intercept, but also the 90% Confidence intervals (CIs) of the same. Using the intercept values obtained from the regression line fit, and assuming an average threshold concentration of 1000 CFU/ml for all organisms, the doubling time (t D ) for each microorganism along with 90% CI is calculated using equation 8 t D = Intercept /(3.32*log 10 (n T )) …
We chose to use an "average" value of the threshold (rather than individual estimates for different experiments) because estimates obtained by standard plate counts itself is best regarded as an order-of-magnitude estimate 42 . The calculated values of doubling time (t D ) in hours along with the 90% CI values (upper and lower limit values) are given in Table 2 . The expected doubling time for each of these microorganisms are also given in the same table for comparison. It can be seen that the calculated doubling times (their 90% CIs) lie within the expected range for the doubling times for all microorganisms. Minor discrepancy in the values is expected as there is likely to have been an initial lag phase during microbial growth and also that the exact threshold concentration is likely to be slightly different for each microorganism.
Systems that are used to assay for the presence of living (metabolizing and reproducing) microorganisms in samples, such as BACTEC TM and BacT/Alert TM used for blood culture, RABIT TM and Bactometer TM used for food and water quality measurement etc, are typically used to screen a large number of samples, and are required to yield "positive" results even for samples in which bacteria of different types are present ("mixed cultures"). Samples identified as "positive" are then analyzed using other techniques to identify the bacterial type(s) present (if identification is needed / desired). Our method, like the others mentioned above, also yields "positive" results for mixed cultures. On a few occasions, we have had contamination issues, when unknown bacteria were introduced into the sample. Such samples also yielded "positive" results (increase in bulk capacitance over time). However, because the initial load was unknown, the data could not be effectively analyzed to obtain relationships between initial load and Times to Detection. The evolution of C b values over time, along with total colony counts (all types) for one such case has been has been provided in the supplemental material.
Determining the Most Probable Number (MPN) of proliferating bacteria
Each of the graphs shown in Figure 7 show how the Bulk Capacitance values of each of the 3 "tubes" at a given dilution of the "original sample" change with time. If a significant change in Bulk Capacitance is not observed within the duration for which measurements are taken (12 hours), then the particular tube is deemed negative. On the other hand, tubes are deemed positive as soon a significant change in Bulk Capacitance is recorded.
From the plots shown in Figure 7 it can be seen that for all the tubes in the 1 st three dilution series (which are expected to contain ~100, ~10 and ~1 CFU/ml), we can observe an increase in the value of the bulk capacitance (diamonds) over time indicating presence of bacteria in these tubes. This was also confirmed by presence of visible growth in the tubes after 24 hours of incubation. While for the 4 th and the 5 th dilution sets, with expected bacterial concentrations of ~0.1 CFU/ml (~ 1 CFU/10ml), and ~0.01 CFU/ml (< 1 CFU/100ml), there was no observed increase in the bulk capacitance values and also the TSB did not turn cloudy after 24 hrs of incubation (indicating the lack of bacteria).
The bacterial culture results (whether positive or negative) for all tubes are summarized in Table 3 . For any given dilution, the number of tubes turning positive using traditional evaluation method (check for turbidity in the originally-clear medium after 24 hours of culture) is identified. This is compared (as shown in the table) to the result (positive or negative) obtained using our method. As seen, we obtained the "correct" result for all cases, and in all them, the positive samples were identified using our method in 2-6 hrs. (The solid lines in the graphs indicate the TTP for that particular tube).
In order to estimate the concentration of bacteria in the original sample, we identified 3 sets of dilution tubes which shows the dilution of organisms "to extinction" -i.e., 3 successive sets of tubes where the indication for bacterial presence goes from positive to negative. For our experiment, it was [3, 0, and 0]. Now by using the 3 tube MPN table, and the obtained [3, 0, and 0] result, we can determine the MPN of bacteria in the samples to be 0.23 in the center tube (with a dilution factor of E-4 with respect to the original sample). Hence, the Most Probable Number (MPN) of organisms in the original undiluted sample to be is 2.3 X 10 3 CFU/ml.
These results suggest that our method could be used to evaluate MPN significantly faster than traditional methods. In fact, the results suggest that a "cutoff time" of as low as 6 hrs can be used for coliforms (as opposed to 1-2 days, currently). This could have significant impact in a number of situations (such as those related to food quality and recreational water, as explained earlier).
CONCLUSIONS
In our previous work we had reported our ability to detect proliferating bacteria in food substrates [19] and blood cultures [20] in a significantly (4-10 fold) shorter amount of time, when compared to existing culture-based methods (automated culture systems). In this work, we have described in detail the protocols we use to acquire and analyze the data, and have explained the mathematical criteria that we use to identify samples in which proliferating microorganisms are present. More importantly, we have shown that the method is applicable to a wide variety of microorganisms (aerobic and anaerobic bacteria, fastidious bacteria, yeasts and molds), and all these microorganisms have similar detection thresholds, thereby making our method one suitable to a variety of applications. That the doubling times, calculated based on our hypothesized mathematical model for the behavior of the system and experimentally estimated threshold concentrations, are in line with expectations confirms that our understanding of how our system behaves is valid. In addition, we have presented "proof of principle" results showing how our basic method can also be adapted to determine the MPN of samples rapidly (again, 4-10 times more quickly than currently done).
As currently implemented, our system has one major drawback: viz. the need for periodic sampling. Manual sampling is not only tedious; it may also make the process economically nonviable. Moreover, there is always the chance of contamination being introduced when aliquots are drawn. We are hence currently in the process of developing an automated aseptic sampling system, that will not require manual intervention for the duration of the culture (hours to days). Once this system is developed, we plan on performing more experiments, especially with "unknown" or "field" samples, to establish the effectiveness of the method.
